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FRS2 is a lipid-anchored docking protein that plays an important role in linking fibroblast growth factor
(FGF) and nerve growth factor receptors with the Ras/mitogen-activated protein (MAP) kinase signaling
pathway. In this report, we demonstrate that FRS2 forms a complex with the N-terminal SH2 domain of the
protein tyrosine phosphatase Shp2 in response to FGF stimulation. FGF stimulation induces tyrosine phos-
phorylation of Shp2, leading to the formation of a complex containing Grb2 and Sos1 molecules. In addition,
a mutant FRS2 deficient in both Grb2 and Shp2 binding induces a weak and transient MAP kinase response
and fails to induce PC12 cell differentiation in response to FGF stimulation. Furthermore, FGF is unable to
induce differentiation of PC12 cells expressing an FRS2 point mutant deficient in Shp2 binding. Finally, we
demonstrate that the catalytic activity of Shp2 is essential for sustained activation of MAP kinase and for
potentiation of FGF-induced PC12 cell differentiation. These experiments demonstrate that FRS2 recruits
Grb2 molecules both directly and indirectly via complex formation with Shp2 and that Shp2 plays an important

role in FGF-induced PC12 cell differentiation.

The family of fibroblast growth factors (FGFs) consists of at
least 10 different growth factors that control cellular processes
such as growth, differentiation, and cell migration (reviewed in
reference 2). FGFs induce their biological responses by bind-
ing to and activating a family of cell surface receptors with
intrinsic protein tyrosine kinase activity (reviewed in reference
12). By contrast to other growth factors such as platelet-de-
rived growth factor (PDGF) or epidermal growth factor, acidic
FGF (aFGF; also called FGF1) binds to the FGF receptor
(FGFR1) monovalently, and FGFR dimerization and activa-
tion are mediated by multivalent interactions between heparin
sulfate proteoglycans and FGF (reviewed in reference 26).

Upon activation, receptor tyrosine kinases undergo rapid
autophosphorylation on numerous tyrosine residues. Auto-
phosphorylation sites located within the catalytic domain are
crucial for stimulation of kinase activity, while autophosphor-
ylation sites located in other regions are usually involved in the
recruitment of cellular target proteins (21). FGFR1 (encoded
by flg) contains at least seven autophosphorylation sites. Two
are located in the catalytic domain (Y653 and Y654) and are
essential for kinase activation (17). One phosphorylation site in
the C-terminal tail (Y766) functions as a high-affinity binding
site for the SH2 domain of phospholipase C-y (19). Phosphor-
ylation of Y766 is essential for phosphatidylinositol hydrolysis
but not for FGF-induced DNA synthesis in myoblasts or dif-
ferentiation of PC12 cells, indicating that these biological re-
sponses are mediated by different FGF-dependent signaling
pathways (18, 22). Interestingly, elimination of all known ty-
rosine autophosphorylation sites on FGFR1 by site-directed
mutagenesis (except the two sites in the catalytic domain) does
not impair FGF-induced mitogen-activated protein (MAP) ki-
nase activation, mitogenesis, or PC12 cell differentiation (17).

The Ras/MAP kinase signaling pathway plays an important
role in signaling via FGF receptors (1, 20). It is well established
that the adapter protein Grb2 (6, 16) links receptor tyrosine

* Corresponding author. Mailing address: Department of Pharma-
cology, New York University Medical Center, 550 First Ave., New
York, NY 10016. Phone: (212) 263-7111. Fax: (212) 263-7133. E-mail:
janice.small@mcccm.med.nyu.edu.

3966

kinases with the Ras signaling pathway by binding to the gua-
nine nucleotide-releasing factor Sos through its SH3 domains
and to tyrosine-phosphorylated receptors or docking mole-
cules via its SH2 domain (25). We have recently identified a
lipid-anchored docking protein, termed FRS2, that links
FGFR molecules with the Ras/MAP kinase signaling pathway
(14). We demonstrated that FRS2 is tyrosine phosphorylated
and forms a complex with Grb2 and Sos in response to FGF
stimulation (14). In this report, we demonstrate that in addi-
tion to the direct interactions with Grb2, tyrosine-phosphory-
lated FRS2 forms a complex with the SH2 domain-containing
protein tyrosine phosphatase Shp2. This interaction results in
tyrosine phosphorylation of Shp2 and complex formation be-
tween Shp2 and Grb2. Moreover, an FRS2 mutant impaired in
Grb2 and Shp2 binding induces weak and transient MAP ki-
nase response and fails to induce neuronal differentiation of
PC12 cells. In addition, the catalytic activity of Shp2 is essential
for a sustained MAP kinase response and for potentiation of
FGF-induced neurite outgrowth in PC12 cells. These experi-
ments demonstrate that FRS2 and Shp2 play an important role
in FGF-induced MAP kinase activation and FGF-induced
PC12 cell differentiation.

MATERIALS AND METHODS

Cell lines. PC12 cells were grown in Dulbecco modified Eagle medium
(DMEM) with 10% fetal calf serum (FCS) and 10% horse serum. NIH 3T3 cells
were grown in DMEM with 10% calf serum, and 293 cells were grown in DMEM
containing 10% FCS as previously described (14).

Antibodies. Antiphosphotyrosine (anti-pY), anti-FRS2, anti-Erkl (MAP ki-
nase), and anti-FGFR1 antibodies were previously described (14). Anti-Shp2,
anti-Grb2, and anti-Sos1 antibodies were purchased from Santa Cruz Biotech-
nology Inc., and phosphoprotein-specific MAP kinase antibodies which recog-
nize catalytically activated Erk1 and Erk2 were purchased from BioLabs, Inc.

Generation of GST-N-SH2 and GST-C-SH2 fusion proteins and in vitro
binding assay. Glutathione S-transferase (GST)-N-SH2 and GST-C-SH2 fusion
proteins, containing the amino-terminal (amino acids 4 to 105) and carboxy-
terminal (amino acids 112 to 213), respectively, SH2 domains of Shp2, were
constructed. The primers used for amplification of the amino-terminal SH2
domain of Shp2 were constructed. The primers used for amplification of the
amino-terminal SH2 domain of Shp2 were 5'-GGGGGATCCCGGAGATGGT
TTCACCCAAAT-3" and 5'-GGGGAATTCCTGCACAGTTCAGAGGATAT
TT-3'; primers used for the amplification of the carboxy-terminal SH2 domain of
Shp2 were 5'-GGGGGATCCTGGTTTCATGGACATCTCTCT-3' and 5'-GG
GGAATTCCTTGAGTTGTAGTACTGTACC-3'. The amplified DNAs encod-
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ing for these SH2 domains were cloned into pGEX-2T. GST fusion proteins were
purified over a glutathione-agarose column. Far-Western immunoblotting was
performed as previously described (15).

Immunoprecipitation and immunoblotting analysis. Cells were lysed in 25
mM HEPES-150 mM NaCl-1 mM EDTA-1% Triton X-100-40 mM B-glycero-
phosphate-10 mM pyrophosphate—-1 mM VO;-5 pg of aprotinin per ml-5 pg of
leupeptin per ml-1 mM phenylmethylsulfonyl fluoride, pH 7.5 (lysis buffer).
Transfected 293 cells overexpressing the various expression vectors were starved
overnight in DMEM containing 0.1% FCS and then solubilized with lysis buffer.
PC12 or NIH 3T3 cells were starved overnight, then stimulated with aFGF (100
ng/ml) for 5 min at 37°C, and solubilized with lysis buffer. The cell lysates were
subjected to immunoprecipitation with protein A-Sepharose and immunoblot-
ting with different antibodies according to published procedures (3, 17).

Expression of FRS2 and FRS2 mutants. Human 293 cells were used for
transient expression studies according to published procedures (10). Site-di-
rected mutagenesis was performed by using a QuikChange site-directed mu-
tagenesis kit (Stratagene) according to the manufacturer’s instructions. Gener-
ation of the FRS2 4F mutant, in which tyrosine residues at positions Y196, Y306,
Y349, and Y392 (Grb2 binding sites) were replaced by phenylalanine residues,
was previously described (14). The FRS2 1F point mutant, in which Shp2 binding
site at position Y436 was replaced by a phenylalanine residue, was generated by
using the overlapping primers set 5'-GAACATAGGCAACTCAATTTTATAC
AGGTGGATTTGG-3" and 5'-CCAAATCCACCTGTATAAAATTGAGTTG
CCTATGTT-3'". In the FRS2 5F mutant, all five tyrosine phosphorylation sites
were replaced by phenylalanine residues. The mutations in FRS2 were confirmed
by DNA sequencing (Sequenase version 2.0; Amersham).

Generation of Cys/Ser catalytically inactive mutant Shp2. Site-directed mu-
tagenesis was performed by using a QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. The Cys/Ser catalyti-
cally inactive mutant Shp2 was generated by using the overlapping primers set
5'-GTGGTGCACAGCAGTGCTGGTATTG-3" and 5'-CAATTCCAGCACT
GCTGTGCACCAC-3'. The Cys/Ser mutation in Shp2 was confirmed by DNA
sequencing (Sequenase version 2.0; Amersham).

Generation of PC12 cells stably expressing FRS2 or Shp2 constructs. The
cDNAs for FRS2 and Shp2 were cloned into the pLXSN expression vector, and
a high-titer stock of virus was produced (14). Parental PC12 cells were infected
with a virus that combined FRS2 or Shp2 constructs and the neomycin resistance
gene. Cells were selected for 2 weeks in medium supplemented with Geneticin
(500 pg/ml). Pools of selected cultures were used in the studies.

MAP kinase assay. PC12 cells overexpressing wild-type or mutant FRS2 or
Shp2 were stimulated with aFGF (100 ng/ml), and cell extracts were prepared in
lysis buffer. Total cell lysates (100 pg of protein) were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on an 8% gel,
transferred to a nitrocellulose filter, and immunoblotted with phosphoprotein-
specific anti-MAP kinase antibodies. The amount of MAP kinase was deter-
mined by stripping the blots and then reblotting with anti-Erk1 antibodies.
Densitometry measurements of both phosphoprotein-specific MAP kinase anti-
bodies and Erkl immunoblots were performed for quantitation of MAP kinase
activation.

Quantitation of neurite outgrowth. PC12 cells overexpressing FRS2 or Shp2
mutants were grown in the presence or absence of aFGF (100 ng/ml) and heparin
(5 pg/ml). Neurite outgrowth was quantitated by scoring the number of cells with
neurites longer than the size of two cell bodies. The length of the neurites was
measured, and the average neurite length was calculated for each cell line.

RESULTS

We have previously demonstrated that upon tyrosine phos-
phorylation, FRS2 can directly interact with Grb2 molecules
(14). Inspection of the primary structure of FRS2 reveals the
presence of a potential binding site at Y436 (YIXV) for the
amino-terminal SH2 domain of the protein tyrosine phospha-
tase Shp2 (28). We next examined the possibility that Shp2 and
FRS2 form a complex in response to FGF stimulation. NIH
3T3 cells were stimulated with FGF, and lysates from stimu-
lated or unstimulated cells were subjected to immunoprecipi-
tation with anti-FRS2 antibodies followed by immunoblotting
with either anti-Shp2 or anti-pY antibodies. The experiment
presented in Fig. 1A shows that Shp2 coimmunoprecipitates
with FRS2 after FGF stimulation. In another experiment (Fig.
1B), cell lysates were first subjected to immunoprecipitation
with anti-Shp2 antibodies followed by immunoblotting with
anti-pY antibodies. In this experiment, three tyrosine-phos-
phorylated proteins (p72, p90, and p120) were immunoprecipi-
tated by anti-Shp2 antibodies. The 72- and 90-kDa polypep-
tides represent tyrosine-phosphorylated Shp2 and FRS2,
respectively, while the nature of the 120-kDa phosphoprotein
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FIG. 1. FGF induces association between FRS2 and Shp2 in NIH 3T3 cells.
NIH 3T3 cells were starved overnight, stimulated with aFGF, and extracted with
lysis buffer. Lysates from stimulated or unstimulated cells were immunoprecipi-
tated with anti-FRS2 (A), anti-Shp2 (B), anti-Grb2 (C), or anti-Sos1 (D) anti-
bodies. Samples were analyzed by immunoblotting (IB) with the indicated anti-
bodies.

is unknown. A similar experiment was performed to examine
the possibility of whether the closely related SH2 domains
containing protein tyrosine phosphatase Shpl also binds to
FRS2 in response to FGF stimulation. By contrast, Shpl was
not found to be bound to FRS2 in lysates from FGF-stimulated
or unstimulated cells (data not shown).

Binding of Grb2 to Shp2 in response to FGF stimulation.
We have previously demonstrated that PDGF stimulation
leads to tyrosine phosphorylation of Shp2 and formation of a
ternary Shp2-Grb2-Sos complex bound to a tyrosine autophos-
phorylation site in the carboxy-terminal tail of the PDGF re-
ceptor (15). We therefore examined the possibility that Grb2
can be recruited to FRS2 by means of Shp2 following FGF
stimulation. In this experiment, NIH 3T3 cells were stimulated
with FGF and lysates from stimulated or unstimulated cells
were subjected to immunoprecipitation with anti-Shp2 anti-
bodies. The experiment presented in Fig. 1B reveals coimmu-
noprecipitation of Shp2 with Grb2 only in lysates from FGF-
stimulated cells. Conversely, Shp2 was also found to be
associated with Grb2 in Grb2 immunoprecipitates (Fig. 1C)
and with Sosl in Sosl immunoprecipitates (Fig. 1D). On the
basis of these experiments, we conclude that FGF stimulation
leads to tyrosine phosphorylation of Shp2 and association with
the Grb2-Sos complex.

Identification of Shp2 binding site on FRS2. We next ex-
plored the possibility that Y436 functions as a binding site for
Shp2. We previously described an FRS2 mutant in which the
four Grb2 binding sites at Y196, Y306, Y349, and Y392 were
replaced by phenylalanine residues (4F mutant) (14). FRS2
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FIG. 2. Phosphorylated tyrosine 436 on FRS2 binds to Shp2. Human 293
cells were transiently transfected with expression vectors for wild-type (W.T)
FRS2 or FRS2 mutants (1 pg) together with FGFR1 expression vector (0.1 pg).
After 36 h, the cells were lysed and subjected to immunoprecipitation with
anti-FRS2 (A) or anti-Shp2 (B) antibodies. Samples were resolved by SDS-
PAGE (10% gel), transferred to a nitrocellulose filter, and immunoblotted (IB)
with the indicated antibodies.

with mutated Y436 was prepared by site-directed mutagenesis
and designated the 1F mutant, and FRS2 mutated in all five
tyrosine residues is designated the SF mutant. Human 293 cells
were transfected with expression vectors that direct the syn-
thesis of FGFR1 together with either the wild type or the 1F,
4F, or 5F mutant. Lysates from unstimulated or stimulated
cells were subjected to immunoprecipitation with anti-FRS2
antibodies followed by immunoblotting with anti-pY antibod-
ies. As expected, this experiment demonstrated strong tyrosine
phosphorylation of wild-type FRS2 and somewhat reduced
tyrosine phosphorylation of the 1F mutant (Fig. 2A). A weak
tyrosine phosphorylation of the 4F mutant was observed, while
the tyrosine phosphorylation of the SF mutant was undetect-
able. This experiment demonstrates that Y196, Y306, Y349,
Y392, and Y436 are the major tyrosine phosphorylation sites of
FRS2. Furthermore, FRS2 is probably not phosphorylated on
additional tyrosine residues, or phosphorylation on other ty-
rosines occurs with very low stoichiometry. Figure 2A also
shows anti-Shp2 immunoblots of the same anti-FRS2 immu-
noprecipitates. Clearly, wild-type FRS2 and the 4F mutant
form a complex with Shp2 whereas the 1F and the SF mutants
do not. Anti-Grb2 immunoblots of the same immunoprecipi-
tates revealed the presence of Grb2 in wild-type- or 1F-derived
cell lysates but not in lysates derived from SF-transfected cells.
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The amount of Grb2 found in lysates from 4F-transfected cells
was significantly reduced but was still detectable, probably due
to the existence of a population of Grb2 molecules bound to
FRS2 indirectly via Shp2. Finally, the cell lysates were sub-
jected to immunoprecipitation with anti-Shp2 antibodies fol-
lowed by immunoblotting with anti-Grb2 antibodies. Strong
association between Shp2 and Grb2 was detected in lysates
prepared from cells expressing either wild-type FRS2 or the 4F
mutant in response to FGF stimulation. However, the associ-
ation between Shp2 and Grb2 in lysates from 1F or SF mutant-
transfected cells was similar to the association detected for
these two proteins in control cells transfected with vector
alone. This background association is most likely due to the
presence of endogenous FRS2 in 293 cells (14).

These experiments show that various binary complexes com-
posed of FRS2-Grb2, FRS2-Shp2, and Shp2-Grb2 are formed
in response to FGF stimulation. We would like to propose that
a subpopulation of the Shp2-Grb2 complex is bound to ty-
rosine 436 on FRS2, leading to the formation of a ternary
FRS2-Shp2-Grb2 complex. The exact stoichiometries of the
various binary and ternary complexes cannot be determined
with the methodology applied in this study.

Shp2 binds to tyrosine-phosphorylated FRS2 via its amino-
terminal SH2 domain. The abilities of the N- and C-terminal
SH2 domains of Shp2 to bind to FRS2 were compared. In this
experiment, human 293 cells were transfected with expression
vectors for FGFRI1 together with expression vectors that direct
the synthesis of either wild-type or mutant FRS2. GST fusion
proteins containing the N- or C-terminal SH2 domain of Shp2
were tested for the ability to bind to wild-type or mutant FRS2,
using a far-Western immunoblotting procedure. The experi-
ment presented in Fig. 3 shows that the N-terminal SH2 do-
main of Shp2 binds to tyrosine-phosphorylated FRS2. How-
ever, the association between the N-terminal SH2 domain and
the 1F mutant was strongly reduced, and the association be-
tween the N-terminal SH2 domain and the S5F mutant was
essentially eliminated (Fig. 3A). The association between the
N-terminal SH2 domain and the 4F mutant was also reduced in
comparison to the association detected for wild-type FRS2 but
was significantly stronger than the association detected for the
1F mutant. It is possible that under conditions of forced over-
expression, the N-terminal SH2 domain of Shp2 can also bind
to the noncognate Grb2 binding sites. Finally, the GST fusion
protein containing the C-terminal SH2 domain of Shp2 did not
bind to either wild-type or 1F mutant FRS2 (Fig. 3B) or to
GST alone (data not shown). These experiments demonstrate
that Shp2 binds to tyrosine-phosphorylated FRS2 by means of
its N-terminal SH2 domain.

Activation of MAP kinase by FRS2 mutants. We next exam-
ined the effects of wild-type FRS2 and FRS2 mutants on FGF-
induced MAP kinase activation in 293 cells. Human 293 cells
were transfected with expression vectors that direct the syn-
thesis of FGFR1 and MAP kinase (Erkl) together with either
wild-type FRS2 or the 1F, 4F, or SF mutant. The activity of
MAP kinase was determined by immunoblotting cell lysates
with antibodies which specifically recognize the activated form
of MAP kinase (13). We have previously demonstrated that
overexpression of wild-type FRS2 leads to strong potentiation
of FGF-induced MAP kinase activation whereas overexpres-
sion of 4F mutant induces a partial MAP kinase response (Fig.
4 and reference 14). The experiment presented in Fig. 4 shows
that the 1F mutant induces a compromised MAP kinase re-
sponse compared to MAP kinase activation induced by wild-
type FRS2 in these cells. After subtraction of background
activation of MAP kinase (probably due to tyrosine phosphor-
ylation of endogenous FRS2 and Shc) (14), the 4F and the 1F
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FIG. 3. Shp2 binds to tyrosine-phosphorylated FRS2 via its amino-terminal
SH2 domain. Human 293 cells were transiently transfected with expression
vectors for wild-type (W.T) FRS2 and FRS2 mutants as described in legend to
Fig. 2. (A) Total cell lysates were resolved by SDS-PAGE (10% gel), transferred
to a nitrocellulose filter, and immunoblotted (IB) with the indicated antibodies.
The nitrocellulose filter was incubated with GST-N-SH2 (3 pg/ml) together with
monoclonal anti-GST antibodies as described in Materials and Methods. After
washing, the nitrocellulose filter was blotted with anti-mouse horseradish perox-
idase-conjugated antibodies. (B) Total cell lysates of cells transfected with wild-
type or 1F FRS2 (same samples as in panel A) were immunoblotted with either
GST-N-SH2 or GST-C-SH2 fusion protein. (C) GST alone (3 pwg/ml) or GST-
N-SH2 and GST-C-SH2 fusion proteins were purified over a glutathione agarose
column, resolved by SDS-PAGE (10% gel), and stained with Coomassie blue.

mutants induced approximately 70 and 60%, respectively, of
the MAP kinase response that was detected in cells overex-
pressing wild-type FRS2. By contrast, overexpression of the SF
mutant induced only a background MAP kinase response sim-
ilar to the stimulation detected in control cells. This experi-
ment demonstrates that MAP kinase activation mediated by
FRS2 is totally dependent on the phosphorylation of Y196,
Y306, Y349, Y392, and Y436. The partial activation of MAP

A

FRS2: -
FGFR1: -

- WT4F1F 5F
+ + + + +

P-MAPK

FRS2

FGFR1| e

i

INDIRECT AND DIRECT RECRUITMENT OF Grb2/Sos 3969

kinase observed in cells transfected with the 4F or 1F mutant
demonstrates that both direct recruitment of Grb2 and indirect
recruitment via Shp2 are necessary for a complete MAP kinase
response. An alternative avenue for activation of the Ras/MAP
kinase pathway in response to FGF stimulation may be via
tyrosine phosphorylation of She (29). However, FRS2 probably
plays a prominent role in linking activated FGFR with the
Ras/MAP kinase signaling pathway since FGF is unable to
activate MAP kinase in cells expressing the SF mutant of FRS2
under conditions that cause tyrosine phosphorylation of Shc.

Neurite outgrowth in PC12 cells overexpressing FRS2 mu-
tants. PC12 cells were transfected with expression vectors that
direct the synthesis of wild-type and mutant FRS2. Stably ex-
pressing cell lines matched for similar level of expression of
FRS2 mutants were further characterized. These cells were
treated with aFGF, lysed, subjected to immunoprecipitation
with anti-FRS2 antibodies, and immunoblotted with anti-pY
antibodies. As expected, wild-type FRS2 was strongly phos-
phorylated on tyrosine residues in response to FGF stimula-
tion (Fig. 5A), while tyrosine phosphorylation of the SF mutant
was barely detectable. Interestingly, although the 5F mutant
was not tyrosine phosphorylated, it still exhibited slower mo-
bility in SDS-gels in response to FGF stimulation (Fig. 5A).
This retarded mobility may be due to Ser/Thr phosphorylation
of FRS2 or other posttranslational modifications induced by
FGF stimulation.

Figure 5 depicts a detailed immunoprecipitation/immuno-
blotting analysis of FRS2 with lysates from PC12 cells similar
to the experiments performed with NIH 3T3 or 293 cells (Fig.
2 and 3). Anti-Shp2 immunoprecipitates from FGF-stimulated
PC12 cells also contained three major tyrosine-phosphorylated
proteins: p72 (Shp2), p90 (FRS2), and p120 (unknown). Over-
all, similar results were obtained irrespective whether the ex-
periments were performed with NIH 3T3 cells expressing en-
dogenous proteins, stably transfected PC12 cells, or transiently
transfected 293 cells; FGF stimulation led to the formation of
various binary complexes, and probably a subpopulation of
Shp2-Grb2 was bound to FRS2 in a ternary complex.

Next we compared the capacity of wild-type and mutant
FRS2 to induce MAP kinase response in transfected PC12
cells. In control PC12 cells, transfected with the vector alone,
maximal activation of MAP kinase was observed after 10 min
of FGF stimulation, followed by rapid decline (Fig. 6). By
contrast, MAP kinase response in PC12 cells overexpressing
wild-type FRS2 was sustained for 3 h. In cells overexpressing
the 4F mutant, MAP kinase activation lasted for approximately

150 1
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FIG. 4. Activation of MAP kinase in cells overexpressing FRS2 mutants. Human 293 cells were transiently transfected with expression vectors for wild-type (W.T)
FRS2 and FRS2 mutants (0.2 p.g) together with FGFR1 (0.01 wg) and Erk1 (2 pg) expression vectors. After 36 h, the cells were lysed, and cellular proteins were resolved
by SDS-PAGE (10% gel), transferred to a nitrocellulose filter, and immunoblotted (IB) with the indicated antibodies (A). Quantitation of MAP kinase (MAPK) activity
was carried out with a phosphorimager (B). Similar results were obtained in three different experiments.
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FIG. 5. Analysis of PC12 cells overexpressing FRS2 or FRS2 mutants. Con-
structs encoding for wild-type (W.T) FRS2 or FRS2 mutants were cloned into
the pLXSN expression vector, and a high-titer stock of viruses was produced.
Parental PC12 cells were infected with the different viruses. Cells were selected
for 2 weeks in medium supplemented with Geneticin (0.5 mg/ml). Pools of
selected cultures were used in this experiment. The cells were starved overnight
and treated with aFGF (100 ng/ml for 5 min). Cell lysates derived from stimu-
lated or unstimulated cells were subjected to immunoprecipitation with anti-
FRS2 antibodies (A) or anti-Shp2 antibodies (B). The samples were resolved by
SDS-PAGE (10%), transferred to a nitrocellulose filter, and immunoblotted (IB)
with the indicated antibodies.

1 h, and in cells overexpressing the 1F mutant, activation of
MAP kinase was transient (30 min). A very weak and transient
activation of MAP kinase was detected in PC12 cells overex-
pressing the SF mutant (Fig. 6). These results demonstrate that
overexpression of wild-type FRS2 leads to sustained activation
of MAP kinase, while elimination of binding sites for Grb2 and
Shp2 leads to transient and weak MAP kinase response.

We next compared the PC12-derived cell lines for the ability
to undergo neuronal differentiation in response to FGF stim-
ulation. These cells were incubated with low concentrations of
aFGF and heparin that induce weak, barely detectable neurite
outgrowth. The experiment presented in Fig. 7 demonstrates
that overexpression of the wild type or the 4F mutant leads to
strong potentiation of FGF-induced neurite outgrowth. By
contrast, overexpression of 1F or 5F mutants did not potenti-
ate FGF-induced neurite outgrowth in these cells (Fig. 7).
These experiments reveal a good correlation between the du-
ration of MAP kinase activation and potentiation of neurite
outgrowth.

Overexpression of wild-type and catalytically inactive mu-
tant Shp2 in PC12 cells. To further investigate the role of Shp2
in FGF signal transduction pathway, PC12 cells were trans-
fected with wild-type or catalytically inactive Cys/Ser mutant
Shp2. Stably transfected cell lines overexpressing either wild-
type or mutant Shp2 were treated with aFGF, lysed, and sub-
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FIG. 6. Kinetics of MAP kinase activation in PCI2 cells transfected with
vector alone (@), wild-type FRS2 (m), 4F mutant ((J), 1F mutant (A), and 5SF
mutant (O). The upper and lower panels show the early and late time points of
MAP kinase (MAPK) activation, respectively.

jected to immunoprecipitation with anti-Shp2 antibodies fol-
lowed by immunoblotting with anti-pY antibodies (Fig. 8A). In
immunoprecipitates derived from transfected cells, both the
wild type and the Shp2 point mutant were strongly phosphor-
ylated on tyrosine residues in response to FGF stimulation
compared to mock-transfected cells with vector alone (Fig.
8A). Furthermore, a strong association between Shp2 and
FRS2 as well as between Shp2 and Grb2 was detected in lysates
prepared from these cells (Fig. 8A). This experiment clearly
demonstrates that expression of the Cys/Ser inactive mutant
Shp2 does not influence the recruitment of Shp2 by FRS2, the
tyrosine phosphorylation of Shp2, and the association between
Shp2 and Grb2.

The kinetics of MAP kinase activation in response to aFGF
stimulation was next determined in the transfected cell lines. In
PC12 cells overexpressing wild-type Shp2, the activation of
MAP kinase was sustained for more than 1 h (Fig. 8B). How-
ever, MAP kinase response in cells overexpressing the catalyt-
ically inactive Shp2 phosphatase was both transient and weaker
in comparison to the MAP kinase response induced by over-
expression of wild-type Shp2. This experiment demonstrates
that the catalytic activity of Shp2 is essential for sustained
MAP kinase activation in response to FGF stimulation.

We also analyzed the neuronal differentiation of these PC12
cells in response to aFGF stimulation. The experiment pre-
sented in Fig. 8C demonstrates that overexpression of wild-
type Shp2 leads to potentiation of FGF-induced neurite out-
growth. By contrast, overexpression of the Cys/Ser inactive
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FIG. 7. Neurite outgrowth in PC12 cells induced by overexpression of FRS2
and FRS2 mutants. PC12 cells expressing pLXSN vector alone or cells overex-
pressing wild-type FRS2 (W.T-FRS2) or FRS2 mutants were grown in the pres-
ence or absence of aFGF (100 ng/ml) and heparin (5 pg/ml). Neurite outgrowth
was detected (A) and quantitated (B) following induction for 72 h. Neurite
outgrowth was quantitated by scoring the number of cells with neurites longer
then the size of two cell bodies. The length of the neurites was measured, and the
average neurite length was calculated for each cell line. Similar results were
obtained in four different experiments.

mutant Shp2 did not potentiate FGF-induced neurite out-
growth in these cells (Fig. 8C). As previously shown, a good
correlation exists between the duration of MAP kinase re-
sponse and PC12 cell differentiation. Moreover, the catalytic
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activity of Shp2 is essential for sustained MAP kinase response
and for neurite outgrowth in response to FGF stimulation.

DISCUSSION

Following FGF or nerve growth factor stimulation, the lipid-
anchored docking protein FRS2 is phosphorylated on multiple
tyrosine residues (Y196, Y306, Y349, and Y392) that function
as docking sites for Grb2-Sos complexes (14). In this report, we
demonstrate that FRS2 contains an additional phosphorylation
site at Y436 that functions as a docking site for the N-terminal
SH2 domain of the protein tyrosine phosphatase Shp2. FGF-
induced tyrosine phosphorylation of Shp2 leads to recruitment
of an additional Grb2-Sos1 complex by FRS2. The experiments
presented in this report demonstrate that FRS2 has five bind-
ing sites for Grb2; four molecules bind directly, and at least
one Grb2 molecule is recruited by an indirect mechanism me-
diated by the protein tyrosine phosphatase Shp2.

We have explored the biological outcome of Grb2-Sos re-
cruitment by FRS2 by investigating the properties of FRS2
proteins with mutations in tyrosine phosphorylation sites re-
sponsible for Grb2 binding (4F mutant), Shp2 binding (1F
mutant), and both Grb2 and Shp2 binding (SF mutant). We
surmise that FRS2 does not have additional major tyrosine
phosphorylation sites since the SF mutant is not tyrosine phos-
phorylated in response to FGF stimulation. We have previ-
ously demonstrated that overexpression of wild-type FRS2
leads to strong potentiation of FGF-induced MAP kinase ac-
tivation and neuronal differentiation of PC12 cells (14). Both
processes were blocked by a dominant interfering mutant of
Ras (RasN17), indicating that FRS2 acts upstream of Ras in
mediating these cellular responses (14). In this report, we dem-
onstrate that FGF-induced MAP kinase activation is compro-
mised but not prevented in cells expressing either the 4F or the
1F mutant. By contrast, the SF mutant failed to potentiate
FGF-induced MAP kinase activation, indicating that this re-
sponse is mediated by both direct and indirect recruitment of
Grb2-Sos complexes.

Most growth factor receptors are able to recruit Grb2 by
more than one mechanism. The reason for the existence of
multiple mechanisms for the recruitment of Grb2-Sos by re-
ceptor tyrosine kinases and by tyrosine-phosphorylated dock-
ing proteins is unknown. Shc appears to be a promiscuous
target for tyrosine phosphorylation in response to activation of
a broad range of cell surface receptors, including receptor
tyrosine kinases, lymphokine receptors, and G-protein-coupled
receptors, as well as T-cell and B-cell antigen receptors (3, S,
27, 33). Since FRS2 is tyrosine phosphorylated in response to
a more restricted set of cell surface stimuli, we have proposed
that this docking protein may participate in the control of
specific responses of FGF or nerve growth factor (14).

We have previously demonstrated that overexpression of
wild-type FRS2 potentiates FGF-induced neuronal differenti-
ation of PC12 cells (14). In this report, we demonstrate that the
4F mutant is capable of inducing both MAP kinase activation
and PC12 cell differentiation. However, a sustained MAP ki-
nase response was detected in cells overexpressing wild-type
FRS2, while the duration of the MAP kinase response was
shorter in cells overexpressing the 4F mutant. Moreover, MAP
kinase response in cells overexpressing the 1F mutant was
transient, and this mutant was unable to potentiate neurite
outgrowth in response to FGF stimulation. A transient and
weak MAP kinase response was observed in cells overexpress-
ing the SF mutant; this mutant was unable to potentiate FGF-
induced neurite outgrowth. These results indicate that recruit-
ment of both Grb2 and Shp2 by FRS2 is essential for sustained
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activation of the Ras/MAP kinase signaling pathway. We also
present evidence that the catalytic activity of Shp2 is essential
for sustained MAP kinase response and for potentiation of
FGF-induced neuronal differentiation of PC12 cells. Taken
together, these experiments demonstrate that recruitment of
Shp2 by FRS2 and the catalytic activity of Shp2 are crucial for
sustained MAP kinase response and for neuronal differentia-
tion of PC12 cells. Experiments presented in this report reveal
a good correlation between the duration of MAP kinase re-
sponse induced by an extracellular stimulus and PC12 cell
differentiation. These results are consistent with earlier studies
demonstrating that sustained activation and nuclear transloca-
tion of MAP kinase are essential for PC12 cell differentiation
(7,9, 32).

Protein tyrosine phosphatase can play both a positive and a
negative role in the control of cell growth and differentiation
(31). Genetic studies in Drosophila and biochemical studies
with mammalian cells suggest that Shp2 and its Drosophila
homolog Corkscrew play a positive role in the control of MAP
kinase activation, cell growth, and differentiation (4, 11, 23, 24,
30, 34). These studies do not provide conclusive answer to the
question whether Corkscrew and Shp2 function as components
of the Ras/MAP kinase signaling pathway. However, all of
these studies, including the present report, indicate that the
protein tyrosine phosphatase Shp2 has a positive role in the
Ras/MAP kinase signaling pathway. It was demonstrated that
targeted disruption of the FGFR1 gene in mice leads to em-
bryonal lethality since FGFR1 is essential for normal gastru-
lation (8). A similar defect in gastrulation was observed in mice
homozygous for a mutant Shp2 that lacks a functional N-
terminal SH2 domain (24). The close similarity in the FGFR1
and Shp2 mutant mice suggests that the phenotype of Shp2
mutant embryos results from a defect in FGFR signaling.
Moreover, it was demonstrated that Shp2 is required for full
and sustained activation of MAP kinase following FGF stim-
ulation of fibroblasts derived from Shp2-mutated mice (24).

The experiments presented in this report clearly demon-
strate that Shp2 plays an important positive role in the control
of the Ras/MAP kinase signaling pathway activated by FGF
stimulation. At least two mechanisms can be envisioned for
how Shp2 can positively regulate signaling via FGFR. It is clear
that Shp2 can function as a docking protein that recruits Grb2-
Sos complex leading to activation of the MAP kinase signaling
pathway. In this report, we show that the catalytic activity of
Shp2 plays a role in activation of the MAP kinase signaling
pathway. It is noteworthy that the N-terminal SH2 domain of
Shp2 is responsible for binding to FRS2. The C-terminal SH2
domain of Shp2, on the other hand, does not interact with
FRS2 and therefore could be involved in the recruitment of a

FIG. 8. MAP kinase activation and neurite outgrowth in cells overexpressing
wild-type or catalytically inactive Shp2. (A) PC12 cells were stably transfected
with an expression vector that directs the synthesis of wild-type (W.T) or Cys/Ser
inactive mutant (C/S) Shp2. The cells were starved overnight, stimulated with
aFGF (100 ng/ml for 5 min), and extracted with lysis buffer. Lysates from
stimulated or unstimulated cells were immunoprecipitated with anti-Shp2 anti-
bodies and immunoblotted (IB) with the indicated antibodies. (B) PC12 cells
expressing vector alone (@) or wild-type (m) or Cys/Ser inactive mutant (CJ) Shp2
were stimulated with aFGF (100 ng/ml) for different time periods. The upper and
lower panels show the early and late time points of MAP kinase (MAPK)
activation, respectively. Quantitation of MAP kinase activation was determined
as described in Materials and Methods. (C) PC12 cells expressing the pLXSN
vector alone (control) and cells overexpressing wild-type or Cys/Ser inactive
mutant Shp2 were grown in the absence or presence of aFGF (100 ng/ml) and
heparin (5 pg/ml). Neurite outgrowth was quantitated following induction for
72 h. Quantification of neurite outgrowth was calculated as described in Mate-
rials and Methods.
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tyrosine-phosphorylated protein that may play a role in control
of neurite outgrowth. The molecular identification of this pu-
tative phosphoprotein will provide additional clues concerning
the cellular circuitry that relays information from the cell sur-
face to the nucleus to control cell growth and differentiation.

ACKNOWLEDGMENT

Y. R. Hadari was supported by a long-term fellowship from the

International Human Frontier Science Program Organization.

ADDENDUM IN PROOF

An additional binding site at pTyr*”! on FRS2 was identified

for Shp2.
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